Abstract: Films of chitosan and N,N,N-trimethylchitosan were cast from aqueous solutions. Chitosan was dissolved in 1% acetic acid while deionized water was the solvent for N,N,N-trimethylchitosan chloride. The resulting films presented different mechanical behaviors as evaluated by DMTA. The film of chitosan exhibited an elastic-type behavior while that of N,N,N-trimethylchitosan was typically viscous. No glass transition temperatures were observed; however, a discrete thermal transition was detected at 25 °C in the case of the N,N,N-trimethylchitosan.
Introduction
Chitosan is a biocompatible, biodegradable and non-toxic linear polymer, commercially obtained by deacetylation of chitin, which is an abundant polysaccharide extracted from the shells of shrimps and crabs. Due to its particular properties, chitosan has been currently used in a number of applications such as in the pharmaceutical industry [1] , in wastewater separation membranes [2] as well as in edible protective coatings on minimally processed food [3, 4] . In particular, the use of chitosan films and coatings to extend shelf life and improve the quality of fruits and vegetables has received considerable attention in the last few years [5] [6] [7] . Chitosan films can be easily obtained by casting its solution on a desired surface and allowing spontaneous solvent evaporation. It is well known that chitosan exhibits good anti-microbial properties and therefore its films can also provide an effective barrier against microbial and fungi deterioration [8] , being a supplementary means to control morphological and physicochemical changes mainly in natural products. To be useful as coating, however, the chitosan film should also exhibit adequate mechanical properties. The tensile strength of the chitosan films lay in the range 50-66 MPa depending on the degree of deacetylation [9] and on the solvent used in the preparation of the chitosan solution employed in the casting step [10] . Hwang et al. [11] have reported that the tensile strength of chitosan films increases with increasing molecular weight while the film elongation seems to be unaffected by the polymer molecular weight. Another study showed that the film strength ranged from 49.6 to 59.4 MPa depending on the drying conditions employed after wet casting [12] .
Recently, Miranda et al [13] . have showed that the tensile strength, the elongation and the water permeability of chitosan films are strongly affected by the presence of plasticizers, such as poly(ethylene glycol), glycerol and sorbitol, and by their association with methylcelullose to form composite films.
Chitosan is a β(1→4) aminoglucan soluble in aqueous media only if pH ≤ 5.5 since the presence of enough acid promotes the protonation of its amino groups and confers a polycationic character to the polymer. Thus, the dilute aqueous solutions of hydrochloric, acetic, lactic, and citric acids are commonly used as chitosan solvents. The use of such solvents, however, represents serious drawbacks to the mechanical properties of the chitosan films and to its biocompatibility, which is reduced at low pH. Also, the acid medium favors the occurrence of degradation reactions, another serious drawback mainly when using chitosan for food protection. To overcome these problems the use of water-soluble chitosan derivatives has been proposed [14] . An interesting approach to prepare water soluble chitosan derivatives is the introduction of permanent positive charges in the polymer chains, imparting to them a cationic polyelectrolyte character independently of the pH. It can be accomplished, for instance, by the quaternization of the nitrogen atoms of the amino groups of chitosan to result in N,N,N-trialkylchitosan. Thus, N,N,N-trimethylchitosan results from the extensive methylation of chitosan, a reaction which is carried out in suspension of N-methyl-2-pyrrolidone with excess of iodomethane and in the presence of sodium iodide and sodium hydroxide [15] [16] [17] . The thermal stability of N,N,N-trimethylchitosan films are seen in the region 2.47<δ<3.37 (Fig.1B) but only the signal centered in 3.31ppm corresponds to quaternized sites while that signal centered in 2.76ppm is attributed to N,N-dimethylated sites. This spectrum also shows two signals in the region 3.37<δ<3.56, both of them corresponding to O-methylated sites. From this spectrum the average degree of quaternization of the N,N,N-trimethylchitosan was determined as DQ = 37%.
Thermal analysis by DMTA revealed that both polymers, chitosan and N,N,N-trimethylchitosan, present non-linear viscoelastic behaviors but the mode of deformation of chitosan is significantly affected by the quaternization process. Indeed, the stress-strain curves show that the chitosan film exhibits highly elastic behavior with greater elongation while the N,N,N-trimethylchitosan film shows a small modulus of elasticity and exhibits a typical viscous behavior (Figure 2 ). The chitosan film instantaneously respond to the applied stress performing an elastic strain of approximately 2.5%, therefrom the deformation regime changed but no breaking in the film was observed over the stress range tested. The literature reports that shear strain ranging from 50 to 150 MPa correspond to deformation in the order of 8% to 40% [19] . In this way, several factors affect the interchain interactions and the chitosan has been recently reported [17] and this work describes the mechanical properties evaluation of cast N,N,Ntrimethylchitosan chloride films.
Experimental
Chitosan (Fluka, MW ~ 400,000 g/mol) was dissolved in lactic acid (1M) by stirring overnight, followed by filtration under positive pressure to eliminate insoluble matter. The chitosan was precipitated by adding concentrated NaOH to the resulting solution and the purified polysaccharide was recovered after extensive washing. The resultant chitosan was dried at room temperature and milled to particles of average size lower than 125 µm.
The N,N,N-trimethylchitosan was prepared as described elsewhere [16, 17] by reacting 3.0g (0.0175 mol) of chitosan suspended in N-methyl-2pyrrolidone/NaOH (14.5/1 v/w) with 8.6 cm 3 of CH 3 I in the presence of NaI (3.62g). The 1 H NMR spectra of chitosan and N,N,Ntrymethylchitosan were acquired at 353K by using a 200MHz spectrometer (Bruker AC200). For these analysis the samples of chitosan and N,N,N-trimethylchitosan were dissolved in D 2 O/HCl (100/ 1 v/v) and in D 2 O, respectively, at a concentration of 10g/L. The parameters for the acquisition of the NMR spectra were as follow: a pulse of 90°, corresponding to a pulse width of 8.2µm; LB=0.3Hz; NS=16. The average degrees of acetylation (DA) and quaternization (DQ) of chitosan and N,N,Ntrimethylchitosan were determined from the 1 H NMR spectra as described elsewhere [17] . The films were obtained by casting aliquots of the solutions of chitosan and N,N,N-trimethylchitosan in 1% acetic acid and water, respectively, on acrylic Preti dishes. The solvent was allowed to evaporate, the resulting films were manually detached from the acrylic surface and then cutted in samples of 55 x 5 x 0.03mm. Dynamic mechanical thermal analysis (DMTA) was carried out using a TA Instrument DMA 2930 in tensile mode, at a heating rate of 5 o C min -1 and amplitude of cyclic deformation as 20 µm. In all runs the frequency was 1 Hz.
Results and Discussion
The 1 H NMR spectra of chitosan and its N-methylated derivative are shown in Figure 1 . The following signals are observed in the spectrum of chitosan (Fig.1A) : i) signals at 4.5 < δ < 5.0, corresponding to the hydrogen bonded to the anomeric carbon 1; ii) signals at 3.4 < δ < 4.0, corresponding to the hydrogens bonded to the carbons atoms 3,4,5 and 6 of the glucopyranose unit; iii) signal centered at 3.18ppm, which corresponds to the hydrogen bonded to the carbon 2 of the glucopyranose ring and iv) signal centered at 1.99 ppm, which corresponds to the hydrogens of the methyl moieties pertaining to the acetamido groups [16, 17] . From this spectrum the average degree of acetylation of the purified chitosan was determined as DA = 22%. The evidences for the occurrence of N-methylation dynamic rheology during stretching, such as the molecular weight, degree of deacetylation, water content and crystallinity of the polymer.
The N,N,N-trimethylchitosan film has a small modulus of elasticity under a typical viscous behavior, what means that a greater stress has to be imposed to result in the same elongation as that achieved by chitosan. The fracture of the film takes place when the elongation approaches 3.5%.
The glass transition temperature (T g ) is one of the most important criterion to characterize the mechanical properties of a polymer. The T g of chitosan and chitin are yet to be precisely characterized but it is known that due to the existence of an extensive number of inter and intrachain hydrogen bonds, the degradation in these polymers occurs before attaining their glass transition temperature. Nevertheless some works [19, 20] pointed out estimative values of 205 °C and 236 °C for the T g of chitosan and chitin, respectively. The reduction in the number of hydrogen bonds, via the introduction of substituent groups in the hydroxyl moieties of these polymers, can decrease their T g . Thus, the T g of acyl-derivatives of chitosan can range from -10 to -42 °C, depending on the acyl substituent and degree of substitution [21] . Owing to the ionic feature of polyelectrolytes, T g is expected to shift to higher temperatures when compared to non-charged polymers, due to the strongest electrostatic interchain interactions. The curves relating the storage modulus (E') of chitosan and N,N,N-trimethylchitosan films with the temperature are seen in Figure 3 .
A continuous decrease of E' with increasing temperature is observed for chitosan film while the curve corresponding to the N,N,N-trimethylchitosan film shows an important decrease of E' close to 25 °C. That is followed by a recovering of initial values for temperature higher than 100 °C. Whether only the decrease of E' were observed, it could precisely describe the T g . However, the behavior exhibited by the N,N,N-trimethylchitosan film suggests an important role for the water contained into the polymeric net. Indeed, as a second sweep was performed a small shift to lower temperature values was noticed on E' and, additionally, an important decrease of the area under the peak was clearly observed. Since the N,N,Ntrimethylchitosan chloride has a strong hydrophilic character, the presence of adsorbed water should be an important factor in the decreasing of the interchain interactions, weakening the mechanical properties by means of a plastifying effect [19] . Nevertheless, the actual Tg value remains uncertain.
Conclusions
The N-methylation of chitosan promotes important changes in its mechanical properties. DMTA analysis showed that films of chitosan and N,N,N-trimethylchitosan presented viscoelastic behaviors, however the former exhibited highly elastic behavior with greater elongation while the latter has a small modulus of elasticity and a typical viscous behavior. The curves of storage modulus versus temperature of the films of chitosan and N,N,N-trimethylchitosan also pointed to different behaviors. The N,N,N-trimethylchitosan films presented a discrete transition at 25 o C whose intensity seems to depend on the water content. 
